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Abstract: Co-amorphous drugs have shown significant potential in improving the stability
and bioavailability compared with single neat amorphous drugs. Here, we explored the
molecular interactions of cimetidine, naproxen, indomethacin and their binary co-amorphous
mixtures via Raman and terahertz (THz) spectroscopy. We used quench-cooled method to
prepare the neat amorphous drugs and their binary co-amorphous mixtures and tested their
thermodynamic properties through differential scanning calorimetry (DSC). Then, we found
that the stability of co-amorphous drugs was stronger than their neat amorphous components.
Furthermore, Raman spectroscopy was used to characterize the vibrational modes between
different co-amorphous drugs. Generally, we found that the stability of co-amorphous drugs
was better than their neat amorphous components for these samples we tested. Meanwhile, we
complemented the detection of THz spectroscopy and found that crystalline and amorphous
drugs could be better distinguished.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Nowadays, it is estimated that more than 90% of drugs under development are expected to be
poorly water soluble [1,2]. Therefore, amorphous drugs have been generated considerable
interest in the pharmaceutical field to overcome the shortcomings of poorly water-soluble
drugs. Due to its higher internal energy, amorphous materials have higher solubility and
dissolution rate than its crystalline counterparts. Nevertheless, the stability of the amorphous
form is relatively poor [3—6]. To improve their stability, co-amorphous drugs have emerged.
Co-amorphous drugs are the combination of two or more components with low molecular
weight to form a homogeneous amorphous system [4—7]. And the co-amorphous drugs
exhibit improved physical stability and dissolution rate compared with neat amorphous drugs.
Pharmacologically related drugs can be stabilized by each other through combining them into
co-amorphous forms. Therefore, both drugs act as the active ingredients and the stabilizing
excipients at the same time.

Most of the studies are based on a basic understanding of co-amorphous formulations,
such as their stable situations and behaviors during dissolution situation [8—15]. However,
little is known about the vibrational properties of these systems in molecular level, including
the molecular interactions among the components of the co-amorphous mixtures. And ideal
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co-amorphous drugs cannot be prepared with any small molecule compounds. In some
studies, amino acids were used as excipients and that certain amino acids can be successfully
stabilized in their amorphous form with one drug were found, but not necessary for other
drugs [16]. To find a good co-former, it is crucial to explore the molecular interactions in the
co-amorphous drug systems.

The amorphous form materials have raised an enormous challenge to structural analysis.
Only little information can be obtained through traditional methods, such as X-ray powder
diffraction (XRPD) detection. However, some vibrational spectroscopy techniques, such as
Raman and THz spectroscopy, are capable to provide more valuable vibrational properties for
solid state characterization, such as intermolecular interactions. Raman spectroscopy is a
technique based on the Raman scattering effect and is used to analyze the vibrations of
various materials [17]. At the same time, THz absorption spectroscopy is a great method to
explore the structure and the interactions of some compounds in the low wavenumber range
(lower than 100 cm™) [18], and it is ultra-sensitive to weak intermolecular interactions.

In this study, we studied 3 kinds of co-amorphous drug combinations among cimetidine,
naproxen and indomethacin. Naproxen and indomethacin are non-steroidal anti-inflammatory
drugs (NSAIDs) and in this regard are pharmacologically complementary in their use in pain
relief. However, it is known that NSAIDs sometimes have side effects such as gastrointestinal
disturbances and headache [19]. The H,-receptor antagonist, cimetidine, has widely used in
the treatment of patients with gastrointestinal dysfunction and used to counteract the gastric
erosion occurs as side effects resulting from NSAID therapy [20]. As a result, cimetidine may
be administered for treating NSAID-induced gastro-intestinal disorders such as those caused
by naproxen and indomethacin. We also investigated the thermodynamic properties of these
interrelated binary co-amorphous drugs. The interactions between the molecules of the
amorphous drugs were explored through Raman spectroscopy. And the results indicated that
the molecular interactions between different amorphous forms were the crucial factor
affecting the stability of co-amorphous drugs. Furthermore, we detected it with THz
spectroscopy and found crystalline and amorphous drugs could be distinguished in higher
resolution. In conclusion, we compared a variety of related co-amorphous drug systems in
solid state properties and stability analysis under the same preparation and storage conditions.
We also proposed some explanations of the molecular interaction mechanisms in co-
amorphous systems through multispectral detection. We believe our work will pave the way
for a better choice of drug components to improve the stability of their amorphous form.

2. Experimental section
2.1 Materials

Cimetidine (CIM, polymorph A; M = 252.3 g/mol), naproxen (NAP, M = 230.2 g/mol),
indomethacin (IND, polymorph y; M = 357.8 g/mol) were purchased from Sigma Aldrich.
Their chemical structures are shown in Fig. 1. All of the drugs are at analytically pure grade.
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Fig. 1. Chemical structures of (a) CIM, (b) NAP and (c) IND.
2.2 The preparation of neat amorphous drugs and co-amorphous drugs

Neat amorphous drugs of CIM, NAP and IND and their binary co-amorphous mixtures (CIM-
NAP, CIM-IND, NAP-IND) were prepared with quench-cooled method [21]. Neat sample
powder (0.5 g) was spread in an aluminum pan and melted at approximately 170 °C with a
heating plate. Then the pan with the melted drugs was immersed into liquid nitrogen for 3
minutes. The cooled drugs need to be scraped off and grinded. And the quench-cooled
samples were stored in a desiccator with silica gel at 4 °C for further analysis.

One gram of two crystalline drugs with a fixed molar ratio (1:1) (CIM-NAP, CIM-IND,
NAP-IND) was mixed. Drug mixtures were being milled gently with mortar and pestle for 2
minutes to make sure the two drugs mixed completely, and no amorphous form produced.
Then, each of the three mixtures was preformed into co-amorphous form through these steps
described above, but the temperature was 165 °C due to the decrease of the melting point
after mixing. At last, the prepared samples were stored in a desiccator with silica gel at 4 °C
before analysis.

2.3 X-Ray powder diffraction measurement

XRPD was used to study the stability of the crystalline and the amorphous samples [22].
XRPD diagrams were collected using an X-ray diffractometer with Cu-K radiation generated
at 45 kV and 40 mA. All the scans were performed with a scanning rate of 2°/min from 5° to
40° at 20 ranges with a step width of 0.03°.

2.4 Polarized light microscope (PLM) test

To further investigate the drug existing state, three crystalline mixtures and their co-
amorphous samples were characterized with a polarized light microscope (PM 6000)
connected with a video camera.

2.5 Evaluation of glass transition temperature

To investigate and analyze thermal properties such as melting temperature and glass transition
temperature (7,) [23], differential scanning calorimetry (DSC) measurement was performed
with 214-polyma machine. Indium and sapphire were used to calibrate temperature and
enthalpy. Nitrogen was used as the protective gas. The sample (S5mg) was added into a sealed
aluminum pan. The sample was heated from 0 °C to 180 °C at 20 °C/min to establish the 7,
of the amorphous forms. The theoretical 7, of the co-amorphous drugs was calculated by the
Gordon-Taylor equation,
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where Ty 1s the glass transition temperature of the mixture, w;, T,;, w, and Ty, are the
weight and glass transition temperature of each component of the co-amorphous drug
respectively. The constant K can be further expressed as,

Tg(mir) =

*T
K — pl - gl (2)
pZ Tg2
where p; and p, are the density of the co-amorphous components.

2.6 Stability study

The (co-) amorphous drugs were stored in desiccator under dry condition (silica gel) at 4 °C
for all the study (180 days). In order to detect the stability of neat amorphous drugs and co-
amorphous drugs, samples were analyzed with XRPD at several time points (1 day, 6 days, 20
days and 180 days).

2.7 Raman spectroscopy measurement

Raman spectra were recorded by Xplora microspectrometer (Horiba Scientifics, France) via
the LabSpec 6 software, which equipped with liquid Nj-cooled CCD detector. A near infrared
laser (785 nm and ~20 mW) was used for excitation. Samples were packed in an aluminium
sample holder and spectra were collected at a resolution of 2-3 cm™ with x 50 microscope
objectives at room temperature. A baseline correction was applied as pretreatment with the
LabSpec 6 software.

2.8 THz spectroscopy measurement

The drug powder was gently grinded with a pestle and mortar to reduce the particle size. Then
we mixed the powder with polyethylene (PE) powder (mean particle size 7 to 9 pm) with a
pestle and mortar. PE powder is conventionally used as a binder and diluent for THz
spectroscopy detection. Subsequently, 0.05 g of drug powder was mixed with 0.05 g of PE
powder and pressed (4 t/cm? for 1 minute) into pellet. The diameter of pressed pellets was 15
mm which matched the size of the THz light spot and the thickness vary from 0.6 mm to 0.8
mm for the different drugs. A 100% w/w PE tablet was also prepared for background
measurement. The absorption coefficients of the drugs were determined with a THz
transmission spectrometer (TAS7500SU ADVANTEST Co, Japan). All the measurements
were carried out at room temperature, with a nitrogen purge to avoid excess absorption of
water vapor. The spectra were measured from 0.5 to 5.0 THz with a good frequency
resolution (7.6 GHz).

3. Results and discussion
3.1 Solid-state characterization

At first, the XRPD experiments were used to investigate whether neat drugs (CIM, IND and
NAP) and their mixtures (NAP-IND, CIM-IND and CIM-NAP) had been changed into
amorphous form through the method described in section 2.2. The results were shown in Fig.
2. As we could see, except the neat NAP, other neat drugs and their binary mixtures presented
clear amorphous halo pattern, which meant amorphous drugs were performed.
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Fig. 2. (a) XRPD patterns of crystalline and amorphous IND, CIM and NAP. (b) XRPD
patterns of crystalline and amorphous CIM-NAP, CIM-IND and NAP-IND. All of the drugs
presented clear amorphous halo pattern except the neat NAP.
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Moreover, we used PLM to make further investigation on the identification of the binary
mixing drugs, the results were shown in Fig. 3 and in agreement with the XRPD experiments.
The crystalline material was anisotropic and the drug molecules were highly oriented in the
crystal and interacted with the polarized light. The brightness of the material was related with
the different molecular arrangement orientation in the crystal. In the co-amorphous drugs, we
only observed dark field because there was not ordered direction of the molecules in the

amorphous form.

Fig. 3. PLM images of crystalline and quench cooled co-amorphous samples. (a) crystalline
CIM-IND, (b) co-amorphous CIM-IND, (c) crystalline NAP-IND, (d) co-amorphous NAP-
IND, (e) crystalline CIM-NAP and (f) co-amorphous CIM-NAP.

DSC is a common method to explore the thermodynamic properties of amorphous solid
materials, and the appearance of Tg is an indicator of the formation of amorphous form. The
results were shown in Fig. 4. Similarly, except for the neat NAP, other samples showed Tgs
after quench-cooled method processing, indicating that the amorphous form of these drugs
was successfully prepared. Furthermore, the appearance of a single Tg for co-amorphous drug
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mixture also indicated the formation of a homogeneous phase that one compound was
dissolved in the other one. Indeed, two compounds that were not miscible (or only partially
miscible) would show two separate Tgs, one for each compound [24].
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Fig. 4. (a) DSC detection and Tgs of neat crystalline drugs (CIM, NAP, IND). (b) DSC
detection and Tgs of co-amorphous mixtures (CIM-NAP, CIM-IND and NAP-IND).

Table 1. Glass transition temperatures of mixtures and single components determined by
DSC and calculated values using the Gordon—Taylor equation.

Amorphous Sample Tg (°C) — Experimental Tg (°C) — Calculated
CIM 42.0 N/A
NAP 5.0 N/A
IND 46.9 N/A
CIM-NAP 423 9.2
CIM-IND 59.7 447
NAP-IND 22.3 10.7

In Table 1, we compared the experimental and calculated Tgs of the amorphous samples.
The theoretical Tgs of the co-amorphous drugs could be calculated through the Gordon-
Taylor equation. The densities of crystalline NAP, amorphous CIM and amorphous IND were
1.263 + 0.008 g/cm®, 1.272 + 0.013 g/cm’ and 1.380 + 0.012 g/cm’ respectively which were
determined with a helium pycnometer (AccuPyc 1330 V3.03, US). Since the density of
amorphous NAP could not be determined due to its fast recrystallization, the density of
crystalline NAP was taken as the value of its amorphous form [25,26]. From the table we can
see, the experimental Tgs in trials were much higher than the calculated ones we calculated.
Since the Gordon-Taylor equation assumed that there was no interaction between the
molecules in the mixture, so the large deviations indicated that there were interactions
between the components at the molecular level (discussed below).

3.2 Physical stability evaluation

In order to detect the stability, the (co-)amorphous drugs were characterized through XRPD in
1 day, 6 days, 20 days and 180 days after quench-cooled process. The results of the three neat
amorphous drugs were shown in the first row of Fig. 5. Neat CIM has good stability and the
amorphous form could last for 180 days with amorphous halo. The amorphous NAP was
extremely unstable and converted to crystals in one day completely. And the number of the
diffraction peaks of amorphous IND increased with the duration of time and almost
transformed into crystalline form after 180 days. As for the co-amorphous drug system (Fig.
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5(d), 5(e), 5(f)), it can be seen that the stability is generally stronger than the neat amorphous
drugs. Among them, the co-amorphous CIM-NAP was the most stable one, CIM-IND was the
second, and the stability of NAP-IND was relatively poor.
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Fig. 5. XRPD patterns of crystalline and co-amorphous samples. (a) quench-cooled CIM, (b)
quench-cooled NAP, (c) quench-cooled IND, (d) quench-cooled CIM-NAP, (e¢) quench-cooled
CIM-IND and (f) quench-cooled NAP-IND stored for 1 day, 6 days, 20 days and 180 days at
4°C under dry conditions.

The transformation of drugs from amorphous to crystalline form required a process that
could be seen clearly in the XRPD pattern. The results revealed that the converting process of
neat amorphous NAP and IND was very fast, while the process of amorphous CIM was much
slower. However, when neat drugs were mixed into the co-amorphous form, it was found that
the process of transformation was slowed down to a large extent. This phenomenon indicated
that the two components of the co-amorphous mixture maybe produce mutual inhibition in
the process of converting to the crystalline form. It also could be seen that the instability of
the co-amorphous CIM-IND and NAP-IND was mainly caused by the neat amorphous IND
and NAP through the corresponding diffraction peaks. This phenomenon was also consistent
with the stability of the amorphous CIM, NAP and IND. Furthermore, the co-amorphous
CIM-NAP was very stable and the co-amorphous CIM-IND was much more stable than the
neat amorphous IND due to the addition of CIM. So, we assumed that the addition of the CIM
prevented the amorphous IND or amorphous NAP drug molecules converting into order and
kept them in the amorphous form for a longer time. Although the co-amorphous drugs
inhibited the transformation from amorphous into crystalline form in some extent, the
inhibiting ability was different. Obviously, the inhibiting ability of the co-amorphous CIM-
NAP was better than CIM-IND and NAP-IND. The reason was difficult to be directly
explained by XRPD as it was related to the molecular interactions.

3.3 Raman spectroscopy measurement

Here, we used the Raman spectroscopy to explore the molecular characteristics and
interactions of the amorphous drugs. We focused on changes in some specific Raman peaks
to determine the molecular vibrational modes when the drug form changed. The Raman
spectra of the three neat drugs in crystalline form and amorphous form were shown in Fig. 6.
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Fig. 7. Raman spectra of co-amorphous drugs and their amorphous components. (a) co-
amorphous CIM-NAP, amorphous CIM and quench-cooled NAP; (b) co-amorphous CIM-
IND, amorphous CIM and amorphous IND (c) co-amorphous NAP-IND, quench-cooled NAP
and amorphous IND.

For neat CIM (Fig. 6(a)), there were two significant differences between the crystalline
and amorphous form drugs. Firstly, there were four separated Raman peaks in crystalline
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form in the range of 710-810 cm™ (716 cm™', 749 cm™, 775 cm™ and 797 cm"l). However,
these peaks had been degenerated when it became amorphous form, which were assigned to
the secondary aliphatic amines vibration in the molecule [27]. The other variation was the
peak shifting from 1594 cm™ of crystal to 1604 cm™" of amorphous form, which was assigned
to the vibration of the imidazole ring, indicating that the shift was related to the formation of
hydrogen bonds between the imidazole rings. For IND (Fig. 6(c)), the main changes between
crystalline and amorphous drugs were the absence of band at 1313 cm™ in the amorphous
form and the shift of the band around 1614 cm™, assigning to the formation of hydrogen
bonds between the intermolecular carboxyl groups [27]. Since the amorphous form of NAP
was extremely unstable, the transformation in the crystalline form was extremely fast. Thus
the Raman features of the amorphous phase did not change much, when compared with the
crystalline form (Fig. 6(b)).

Furthermore, we compared the Raman peaks of co-amorphous drugs with their
corresponding neat amorphous drugs. We noticed that the Raman spectra of the co-
amorphous drugs were not just the accumulation of the neat amorphous components. The
results were shown in Fig. 7.

In the co-amorphous CIM-NAP drug, some minor shifts of the CIM bands were observed
when compared with the spectra of the neat amorphous CIM (Fig. 7(a)). The ring tensile
vibration at 1604 cm™ for the neat amorphous CIM was shifted to 1632 cm™, suggesting that
the imidazole ring of CIM was involved in a solid-state interaction with NAP in the binary
amorphous form [27]. On the basis of the above-mentioned band distribution, it appeared that
the aromatic ring of NAP was affected by the amorphous process. A shift from 670 cm™ to
666 cm™" associated with C-S-C stretching could also be detected (no clear explanation could
be given at the moment). For NAP, several Raman peaks were also shifted. For example, the
naphthalene vibration shifted from 1395 cm™ to 1392 ecm™, the vibration of C = C double
bond of the naproxen aromatic ring shifted from 1627 cm™ (amorphous) to 1632 cm™ (co-
amorphous) and the C-H bending and ring tensile vibrations shifted from 748 cm™ to 751
ecm™ [27]. As we observed, new m-m interaction might be formed in the CIM-NAP co-
amorphous systems [8,28], which strongly enhanced the stability of the neat amorphous NAP.

Figure 7(b) showed that the differences of the Raman spectra of neat amorphous IND,
neat amorphous CIM and co-amorphous CIM-IND.As we could see, the neat amorphous IND
compared with the co-amorphous CIM-IND exhibited a shift in the Raman band at 1680
em™', which was assigned to the intermolecular carboxyl hydrogen bond indicating that the
addition of CIM might influence the formation of hydrogen bonds between the amorphous
IND. Meanwhile, the Raman peak at 1604 cm™' was also shifted compared with co-
amorphous CIM-IND, which was standard for the vibration of the imidazole ring in CIM
[27,29], and its deviation indicated that the vibration had been changed. As the structure of
imidazole contained a tertiary carbon atom with lone pair electrons, it bound to protons which
had weak basicity. The IND contained a carboxyl group that easily ionizes the proton, and we
assumed that during the formation of the co-amorphous, the two drugs had a salt-forming
interaction. This effect significantly enhanced the stability of the neat amorphous IND.

It has already demonstrated that the stability of co-amorphous NAP-IND is relatively poor
[30]. And it is also reported that these two drugs remain stable by hydrogen bonds between
the carboxyl groups in the co-amorphous form through infrared radiation spectra [31]. Our
results reached the same conclusion by comparing the changes in their Raman peaks.
Compared with neat amorphous IND, co-amorphous NAP-IND had a slight shift at the 1672
cm™' peak, which was assigned to the out-of-plane deformation of the intermolecular carboxyl
hydrogen bond. Meanwhile, changes in Raman bands around 1360 cm™" were assigned to the
deformation vibration of the hydroxyl in carboxyl [32]. Since the hydrogen bond formation
through molecules was extremely weak and easily destroyed, therefore the co-amorphous
NAP-IND was relative unstable.
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From the results of co-amorphous drugs via Raman spectroscopy, we found that the
conversion from amorphous to crystalline form was often accompanied by the formation of
new molecular interactions. In the process, the intermolecular energy was reduced and the
molecular arrangement became regular. The intermolecular interactions in CIM-NAP
included the n-m interactions and hydrogen bonds. The interactions in CIM-IND were mainly
the salt formation interactions between the two drug molecules, as well as a series of
hydrogen bonds. In the NAP-IND systems, hydrogen bonds were dominant. Since the acting
force of the n-m interactions and salt formation were obviously stronger than the hydrogen
bonds, it was not surprising that the corresponding co-amorphous system was higher stable.
Therefore, we concluded that there were two main factors affecting the stability of the co-
amorphous drugs. The main factor is the intensity of interactions between the two
components in the co-amorphous form and the other one was the transforming ability of
amorphous components into crystalline form.
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Fig. 8. THz absorption spectra of CIM, NAP, IND and their binary mixed samples at room
temperature. (a) crystalline CIM and NAP mixture, (b) crystalline CIM and IND mixture, (c)
crystalline NAP and IND mixture. The THz peaks of the crystalline drug mixtures were the
accumulation of the THz peaks of each neat crystalline components.
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Furthermore, we measured the THz spectra of the three neat crystalline drugs and their binary
crystalline mixtures at room temperature (Fig. 8). The results showed that the neat drugs had
various THz fingerprint spectra. As the figures show, the THz peaks of crystalline CIM were
0.90 THz, 1.09 THz, 1.81 THz, 2.06 THz, 2.73 THz, 3.43 THz and 4.12 THz. The peaks of
crystalline NAP were 1.19 THz, 1.65 THz, 2.36 THz, 3.63 THz and 4.19 THz. The peaks of
crystalline IND were 1.25 THz, 2.89 THz, 3.14 THz, 3.95 THz, 4.31 THz and 4.84 THz. And
the THz peaks of the crystalline drug mixtures were the accumulation of the THz peaks of
each neat crystalline components, although some adjacent peaks overlapped each other
indicating that the process of mixing the neat crystalline drugs did not lead to the
disappearance of the original interactions [33].

We also measured the THz absorption spectra of the crystalline samples and their
corresponding (co-)amorphous ones. The results were shown in Fig. 9. It could be seen that
the difference between the crystalline and amorphous phases obviously. After the crystalline
drugs became amorphous, the THz absorption coefficients increased generally, and the THz
peaks of crystalline samples disappeared gradually. This phenomenon could be explained
through the fact that the transformation from the crystalline state to the amorphous form
induced a complete vanishing of the original crystalline vibrational modes between
molecules. THz spectroscopy was indeed a good method to distinguish the crystalline and
amorphous materials.

(a) f—— amorphous CIM| (b) —crystaline NAP (C) —— amorphous IND

—— crystalline CIM {—— crystaline NAP — crystaline IND

Absorbance a.u

SE— — . ’ —— L L L L L L L L L L " L L L L L
05 10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45 50
THz THz THz

d —— amorphous GIM.NAP)
—— crystailine CIM-NAP

F—— smorphous CIM-IND)
€) —cystatine im0

f —— amorphous NAP-IND
—— erystaline NAP-IND

Absorbance a.u

05 10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45 50
THz THz THz

Fig. 9. THz spectra of crystalline and amorphous drugs: (a) amorphous and crystalline CIM,
(b) quench-cooled and crystalline NAP, (c) amorphous and crystalline IND, (d) co-amorphous
and crystalline CIM-NAP, (e) co-amorphous and crystalline CIM-IND and (f) co-amorphous
and crystalline NAP-IND.

4. Conclusions

In this paper, we explored the vibrational properties of co-amorphous drugs in molecular level
with Raman and THz spectroscopy. We started from the various stabilities of several
amorphous drugs and explored the molecular interactions by vibrational spectroscopy. Raman
spectroscopy demonstrated that the force to keep the stability of the three co-amorphous drug
systems were mainly n-m interactions, salt formations and hydrogen bonds. Generally, we
found that the stability of co-amorphous drugs was better than their neat amorphous
components for these samples we tested. Thus we demonstrated that the intermolecular
interactions played a crucial role in the transformation of the co-amorphous drugs into the
crystalline ones [16]. By performing THz spectroscopy on the co-amorphous sample, we



Research Article Vol. 10, No. 8 | 1 Aug 2019 | BIOMEDICAL OPTICS EXPRESS 4303 I

Biomedical Optics EXPRESS -

found that THz spectra could distinguish the crystalline and amorphous drugs more clearly
than the Raman spectra. In conclusion, multispectral detection on co-amorphous systems
proposed some supplement of the molecular interaction mechanism and provided a direction
for the choice of components to improve the stability of amorphous form.
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